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SURFACE MODIFICATION OF DIAMOND AND DETERMINATION OF
KINETICS AND MECHANISM OF MODIFICATION REACTIONS
Humera Farooq, M.A.
Western Michigan University, 2001
A series of photochemically modified diamond surfaces were prepared.
Surface functional groups added included, chlorine, bromine, methoxy, amine,
methylamine, dimethylarnine and trimethylammonium chloride. Photochemically
chlorinated and brominated diamond surfaces were used as synthetic intermediates.
The modified diamond surfaces were characterized by Diffuse Reflectance Infrared
Spectroscopy (DRIFT) and X-ray Photoelectron Spectroscopy (XPS).
The study was mainly focused on understanding the kinetic processes and
reaction mechanism of modified surfaces. The observed rate constants for surface
hydrogen loss and HCl (g) evolution were found to be identical. Similar rate
constants were observed for amine substitution and consumption of ammonia.
The study of action spectra indicated that rate of photoreaction for
halogenation was dependent on excitation wavelength. Amine substitution reaction
was found to be coincident with a charge-transfer complex intermediate.
It was found that the halogenation of hydrogen-substituted diamond proceeds
by photo-induced free radical reaction. Amines and alkoxy substitution was found to
proceed by a photo-induced electron transfer mechanism.
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CHAPTER I
INTRODUCTION
Diamond serves mankind in two different ways. It is a precious gemstone and
an important industrial tool. In both the fields it is pre-eminent; it is the most beautiful
gem and the most powerful cutting material. One of the basic properties that make
diamond precious is its extreme hardness 1• Carbon atoms within diamond are tightly
bound in a strong sp3 lattice configuration. This tight packing of covalently bonded
atoms giving diamond extreme hardness and rigidity,2 but significantly decreases its
chemical reactivity.
Diamond has variety of outstanding properties, including a low coefficient of
friction, electrical resistance, corrosion resistance and high transparency to ultraviolet
(UV), visible and infrared (IR) radiation. 3 The thermal conductivity of diamond is
five times higher than that of the copper. 4 These properties make diamond a
promising candidate for many applications5 . It is a wide-band-gap semiconductor
material with a unique combination of properties such as a high breakdown voltage
and a small dielectric constant. 6 These properties make diamond appealing as an
active electronic device material for high-power, high-temperature, and harsh
environment applications7.
In the electronics industry, diamond is currently used for the thermal
management of electronic devices such as lasers, and is rising in importance for use
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in surface-acoustic wave devices and dynode devices, among many others. Power
semiconductor devices rely upon the efficient removal of heat for high frequency
switching; the heat dissipation requirements of the devices can only be met by the use
of diamond films8.
Chemical vapor growth of diamond is stimulating a still-increasing number of
research activities. It opens new perspectives in thin film science and technology9.
The high thermal conductivity gives diamond-film devices the potential to be used in
high-power-consumption environments1°. Thick polycrystalline diamond films are
technologically relevant due to their use in multichip module and heat sink
applications.
Diamond films possess unique properties that make them attractive for
applications in micro mechanical sensors and actuators. Diamond thin films play an
important role in various commercial applications. These include machine tools,
optical coatings and high-temperature electronics 11.
Production and operation of all electronic devices rely heavily on the surface
properties of the materials used in fabrication them. The surface chemical properties
of the semiconductor play a major role in determining the strength and nature of
electrical and mechanical interfaces of the semiconductor to other materials,
including metals, other semiconductors, and insulators 12.
Several functional groups have been introduced on to diamond surface.
Hydrogen chemisorbed on diamond has been the focus of many studies because of its
role in stabilizing the surface, its vapor phase growth mechanisms, surface electric
conductivity, and negative electron affinity 13.
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The natural diamond surface exists in the oxidized state and, as a result, is
hydrophilic and electrically insulating. The surface of chemical-vapor deposited
diamond is terminated with hydrogen atoms and is hydrophobic 14• The coefficient of
thermal conductivity (K) as well as the electrical resistivity (p) decreases as the H
concentration increases 15• Hydrogen passivation leads to a dipole layer, which is
induced by the heteropolar carbon-hydrogen bonds of the surface atoms. Surface
atoms of diamond are bounded in sp2 lattice. Hydrogenation also reduces the amount
of sp2-bonded carbon at the surface, which is crucial parameter in determining the
position of the surface Fermi level and thus the surface band bending in diamond. The
combination of the electron affinity reduction by hydrogen and the supply of
electrons at the Fermi level by sp2 bonded carbon phases has important consequences
for the low threshold electron emission into vacuum 16•
Halogens such as chlorine can also be introduced on to a diamond surface.
The chlorinated diamond surface is metastable and is easy to react with other
molecules particularly nucleophilic reagents such as H2O, NH3 and CHF3 . Chlorine
can easily chemisorbs onto the diamond surface and easily desorbs from the diamond
surface. This characteristic of the chlorine atom suggests that it could be a good
intermediate for chemical modification as well as growth of the diamond surface.
Chlorine can not only generate radical species in the vapor phase but also create
reactive intermediate sites on the diamond 18• The halogen species F and Cl, as well as
hydrogen H, were all shown to be able to sustain the sp3 structure configuration of the
surface carbon atoms 19• Similarly amine-terminate diamond can also serve as a useful
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intermediate20 .
In this research work we will use photochemical methods to modify diamond
surfaces. In addition reaction rates and action spectra of modification will also be
determine in order to understand the reaction mechanism and to get the better control
of the modifications. We examined the reactivity of micrometer size diamond
powders. Diffuse Reflectance Infrared (DRIFT) spectroscopy and X-ray
Photoelectron Spectroscopy (XPS) will be used for the characterization of modified
surfaces.
Photochemistry does not require extreme reaction conditions. This technique
provides a mild and controllable procedure for the modification21 • Only a few
diamond surface modifications can be obtained by thermal methods, such as
chlorinated diamond. Other modifications such as amine- or ether-terminated
diamond surfaces are not obtainable by thermal methods. Area-specific modification
of the diamond surface is also possible by photochemistry22 using photolithographic
techniques.
We are expecting the mechanism for halogen substitution to proceed by a
mechanism analogous to radical halogenation of alkanes, shown in Scheme 1. Such
halogen substitutions are radical chain reactions, in which absorption of light
dissociates the molecular halogen, initiating the chain. The halogen free radical
abstracts hydrogen from alkane to produce an alkyl radical. Incorporation of the
halogen into the alkane can take place by two ways, alkyl radical could abstract a
halogen atom from a halogen molecule, producing halogen radical; this is a chain
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propagation step. An alkyl radical could also combine with a halogen radical, this is a
chain termination step. Halogen molecule can be formed when two halogen radical
combine together, this combination can also stop the reaction process23.
hv

X2 (g)

► 2X•cg>

RH +X•

► R• +HX

R• +X2

► RX+X•

X• +X2 (g)

►

RX + X•

► R• + X2

R• +X•

► RX

X• +X•

► X2

Scheme 1.

X2 +X•

Reaction Mechanism for Halogenation of Alkanes

We also will test the reaction mechanism for amine and alcohol-termination of
diamond. On the basis of previous studies of adamantyl halides (molecular analog of
halogenated diamond) with a series of alkyl amines and other Lewis basis we are
expecting a photoinduced electron transfer reaction24.
R-X + :BH

►• R-X.. ·BH

----1

►• R-B +HX

----1

This is a multi-step process. In this mechanism an intermediate complex is
produced by overlap of the Lewis base lone pair (:BH) and the carbon-halogen (R-X)
cr* orbital. A photoinduced electron transfer takes place from the Lewis base to the
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alkyl halide when the intermediate complex absorbs light. The charge-separated
species then rearranges, which likely results in substituted alkane and an alkyl halide.

CHAPTER II
EXPERIMENTAL
Materials
Diamond (C*) powders were obtained from Kay Industrial Diamond
Corporation and GE Micron Products. Diamond powders used were of two types,
both ultra-clean grades: (1) virgin, natural diamond; and 2) synthetic, type SJK-5.
Reactivity was observed to be identical for both types.
Hydrogen (99%), bromine (99%), chlorine (99.5%), ammonia (99%),
methanol (99.8%), methylamine (99+%), dimethylamine (99%), and trimethylamine
(99+%), were obtained from Aldrich Chemical Company, Inc. All gases were used as
received. Bromine and methanol were degassed by three freeze-pump-thaw cycles
prior to use.
Methods
Diffuse Reflectance Fourier Transform Infrared Spectroscopy
Diffuse reflectance spectra were obtained using a Nicolet 5DXC FTIR
spectrometer equipped with a Spectra-tech diffuse reflectance attachment fitted with a
Spectra-tech high temperature/vacuum chamber or on a Brukur Equinox 55 FTIR
with a Harrick DRIFT attachment. All of the spectra were recorded as percent
7
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reflectance, %R, which is the ratio of the spectra intensity of the sample, S, divided
by the intensity of a background sample, B; thus %R=100(S/B). The starting material
was typically used as the background spectrum for the characterization of
modification reactions. Differences between the starting material and product produce
the features in the spectra. Descending peaks were due to the product functional
groups and signify increasing surface concentration. Ascending peaks were due to
starting material functional groups and signify a decrease in surface group
concentration.
X-ray Photoelectron Spectroscopy (XPS)
Surface Science Laboratories performed the X-ray photoelectron spectroscopy
for the elemental analysis of modified surfaces as follows: Monochromatic Al(ka)
radiation(1486.6 eV) was used for excitation at a 800 µm diameter spot. The binding
energy of the major C(ls) peak was used to internally calibrate the energy scale.
Preparation of Hydrogen-Terminated Diamond (C*) Powders
An aliquot of diamond (C*) powder was placed in the sample cell of the
vacuum/high temperature DRIFT attachment. The dome of the cell has two windows,
one was KBr and the other was CaF2• The cell was attached to a vacuum/gas manifold
and slowly evacuated to about 10-2 torr with a mechanical pump. Care was taken to
avoid blowing the fine diamond powder. The sample chamber was then backfilled
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with 1 atm hydrogen gas, and slowly heated to 850° C under the hydrogen. Periodic
DRIFT spectra were obtained as required.
As hydrogenated diamond surface was the required starting material for many
modifications, it was also produced in bulk in a tube furnace. Diamond powder was
placed in a quartz tube, which was placed in a thermostated tube furnace. The tube
was evacuated for 25 minutes, and then hydrogen gas was introduced into the tube
and the sample was heated to 850° C at 10° C per minute. The sample was heated
under hydrogen at 850° C for one hour, allowed to cool down and collected. DRIFT
spectra of these bulk-prepared samples were essentially indistinguishable from the
sample prepared in situ in the DRIFT cell.
Hydrogenation Temperature Profile and Reaction Rate
To follow the progress of the hydrogenation process, as received diamond
(C*) powder was heated under hydrogen from 550-850° C at 50° C intervals for
5 minutes and DRIFT spectra recorded without cooling the sample surface. The same
sample was used for all the measurements in a single cycle.
To obtain a rate constant for hydrogenation, as received diamond was heated
under latm hydrogen at a constant temperature (850° C). DRIFT Spectra were
recorded (without cooling the sample surface) at intervals of 10 minutes during the
first 30 minutes then at 60, 120 and 180 minutes. Acquiring a DRIFT Spectrum
typically required 2-3 minutes.
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Photochemical Modification of Diamond
To prepare photochemically chlorinated and aminated diamond, the required
starting material was placed into the DRIFT chamber. The chamber was sealed and
evacu.ated to about 10-2 torr. The desired reactant gas was slowly introduced. The
modified diamond was irradiated with light from a 150 W Hg/Xe arc lamp. Figure 1
shows the experimental setup. Table 1 shows the experimental parameters. The
DRIFT spectra of the sample could be readily obtained by interrupting the UV
irradiation and closing the elliptical DRIFT mirror.

Elliptic al 1ll.1irror

CaF2
xxxxx

IR

lll.firror

Figure 1.

Fl

IR

lll.firror

Schematic Diagram of Experimental Setup.

A Quartz tube reactor was used for all other modifications. An aliquot of
starting material was placed into a polytetrafluoroethylene boat. The boat was then
placed into a quartz tube attached to a vacuum/gas manifold. The tube was slowly
evacuated to about 10-2 torr with a mechanical pump. The desired gas was introduced
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slowly. The sample was irradiated with the 150W Hg/Xe arc lamp for required time.
Experimental details are shown in Table 1. A mechanical pump was used to remove
the gas after the reaction. After the sample was collected, no precautions were taken
to avoid atmospheric exposure of the modified diamond surface. Infrared analysis
was performed within 10-15 minutes of synthesis as well as at longer times. No
changes were observed even over periods of weeks or months.
Table 1
Photochemical Chlorination and Amination
Starting
material Gas introduced
C*-H
C*-Cl
C*-H
C*-Cl
C*-Br
C*-Cl
C*-Cl
C*-Cl

Chlorine
Ammonia
Bromine
Methanol
Methanol
Methylamine
Dimethylamine
Trimeth�lamine

Modified
product
C*-Cl
C*-NH2
C*-Br
C*-OMe
C*-OMe
C*-NHMe
C*-NHMe
C*-N+Me3Cl"

Reaction
Time
12 hours
24 hours
24 hours
5 days
5 days
15 hours
15 hours
24 hours

Reactor
DRIFT Chamber
DRIFT Chamber
Thermostated Tube
Thermostated Tube
Thermostated Tube
Thermostated Tube
Thermostated Tube
Thermostated Tube

Kinetics of Photochemical Modification
To measure the reaction kinetics of formation of chlorinated diamond, a
sample of hydrogenated diamond was intermittently irradiated under 1 atm chlorine at
intervals of 1 second during the first 20 seconds then at intervals of 5 seconds for an
additional 40 seconds. DRIFT spectra were obtained after each irradiation period. The
irradiation time was controlled by blocking the beam from the light guide.

12

To measure the kinetics of amination, chlorinated diamond was similarly
irradiated under 1 atm ammonia at intervals and DRIFT spectra obtained.
Action Spectra
The action spectra for the reaction between chlorine, bromine and ammonia
with the appropriate modified diamond starting material were synthesized by
measuring the rates of reaction as functions of exciting wavelength. The chlorination
and amination were carried out at 10 nm intervals from 200-300 nm, while
bromination was carried out at 20 nm intervals from 200-600 nm. Fresh starting
material was used at each wavelength irridiation. The 150W Hg/Xe arc lamp was
used as a light source. The light was passed through 1/8 m monochromator (ORIEL)
purged with nitrogen. The band pass of the monochromator was set tolO nm (as
determined using the 633 nm He/Ne laser line).

CHAPTER ill
RESULTS AND DISCUSSION
Chemically Modified Diamond Surfaces
Hydrogenated Diamond
A consistent starting material is essential for the surface modification of
diamond. Hydrogen-terminated diamond was the desired starting material for
photochemical modification 12• When diamond powder was annealed under a
hydrogen atmosphere at 850° C, highly hydrogenated diamond surface was produced.
The infrared spectrum of the hydrogenated diamond surface is shown in Figure 2.
(KBr powder was used for a background spectrum). The peaks at 2835 cm- 1 and
2940 cm-1 are due to the crc-H stretching modes of the hydrogenated diamond surface.
Hydrogen Temperature Profile
The intensities of C-H stretching modes increased with increasing reaction
temperature. Figure 3 shows the plot of relative O'ctt intensity vs. time. The C-H
stretches at 2835 cm- 1 and 2940 cm- 1 became apparent by 923 K (650° C). We did not
anneal above 1123 K (850° C) due to limitations of the DRIFT cell.

13
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*

4000
Legend.

3500

3000

2500
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Wavenmnber /cm-1

1500

1000

A= Hydrogenated diamond (KBr background)
B= Chlorinated diamond (hydrogenated diamond background)
C = Brorninated diamond (hydrogenated diamond background)
D= Methoxy-terrninated diamond (chlorinated diamond background).

* Ambient CO2
** HF? (HCl photoreaction with CaF2 window?)
Figure 2.

DRIFT Spectra of Modified Diamond Surfaces.

Time Dependence of Hydrogenation
The diamond surface was heated at 850° C under hydrogen for 1, 10, 20, 30,
60, 120, and 240 minutes and DRIFT spectra were periodically obtained. The percent
reflectance was converted into Kubelka- Munk (K-M) units in order to quantitate the
intensity of the O'ctt band. The area of the band in K-M units is proportional to the
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surface C*H coverage (0CH) and is plotted vs. time in Figure 4. It is clear from the
data that for hydrogenation, most of the substitution was completed within 60
minutes. The data was analyzed to get the observed rate constant using Equation 1.
Figure 5 shows the relative surface coverage of hydrogenation (000,CH - 0t,CHI 000,CH) vs.
time.
0.9 �----------------------,
0.8
0.7
0.6
0.5
0.4
··········· ··················· · · ·-

···--+--

0.3
0.2
0.1

o L---=k=======:!::!:�_____j
0

Figure 3.

1000
500
Temperature /K

1500

Temperature Dependence of Hydrogenation of Diamond.

Equation 1.
� = k1 (000,CH - 0t,CH)
dt
Halogenated Diamond
The hydrogenated diamond surface was photochemically halogenated to
obtain a chemically more useful diamond surface. The DRJFT spectrum of chlorine
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Figure 4.

2000

4000
6000
8000
H2 Soak Time /s

10000

12000

The line is the function of Sctt(t) = 1-8 oo,CH exp(k1 t)
Time Dependence of Hydrogenation at 850 ° C.

terminated diamond powder is shown in Figure 2 (hydrogen-terminated diamond was
used for the background spectrum). The upward going peaks show that there has been
a loss of C-H functionality upon chlorination. There was no C-Cl stretch observed in
the infrared spectrum of the surface, probably due to instrumental limitations; there is
a rapid decrease of energy throughput below 1000 cm·1 due to the cutoff of the CaF2
window of the diffuse reflectance attachment. Chloromethane and 2-chloro-2-methyl
propane have C-Cl stretch at 732 cm·1 and 584 cm·1 respectively. The C-Cl stretch of
1-chloroadamantane appears at 490 cm·1

25.

The DRIFf spectrum of bromine-terminated diamond is also shown in
Figure 2. (Hydrogenated diamond was used again for the background spectrum). The
upward going peak at 2835 cm· 1 again indicates a loss of C-H stretch on the diamond
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surface, as a result of replacement of H by Br. No obvious C-Br stretch appeared in
the infrared spectrum of the surface, but it would be expected near 450 cm· 1 25•

0

Note:

2000

4000
6000
8000
Hydrogen Soak Time Is

10000

12000

The observed rate constant for hydrogen substitution reaction was
0.0463 s·l.

Figure 5.

Kinetics of Hydrogenation.

X-ray photoelectron spectra provided surface elemental analysis. The X-ray
photoelectron spectra of the photochemically modified diamond surfaces produced in
this work are shown in Figure 6. Successful photochemical addition of chlorine to the
diamond surface can be seen in the XP spectra. The Cl(2p) region shows a high
amount of chlorine on the modified diamond surface. The addition of chlorine to
hydrogenated diamond powder is thus confirmed.
The XP-spectra of brominated diamond shows a significant signal of Br(3d)
as shown in Figure 6. Bromine was not observed on any other modified surface,
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except on the methoxy-terminated diamond; brominated diamond was used as the
starting material for the methoxy-terminated sample used for analysis. The presence
of bromine is a clear indication of a change in chemical composition of diamond
surface.
Methoxy Terminated Diamond
Photochemical generation of a methoxy- terminated diamond surface was
accomplished by irradiating either chlorine-terminated or bromine-terminated
diamond under methanol vapor. The DRIFf spectra of methoxy-terminated powders
are also shown in Figure 2. The spectrum of the methoxy-terminated diamond
prepared from the chlorinated starting material showed four major peaks. These were
assigned as symmetric and asymmetric crc H stretches at 2932 and 2835 cm- 1, a 8cm
bend at 1603 cm- 1 and crc-o stretch at 1410 cm- 1. The spectrum of methoxy-terminated
diamond prepared from brominated starting material has identical features. These
assignments are based on the spectra of several molecular analogs. For example
isopropyl ether has a crc-H at 2980 cm- 1, a 8ctt3 band at 1400 cm- 1 and crc-o stretch at
1321 cm- 125.
Figure 6 shows the XP spectra of O(ls). A significant amount of oxygen was
found on the XP spectra of methoxy-terminated diamond. The increase in O(ls)/C(ls)
peak area was found 34 %, relative to the peak area ratio of brominated surface which
was the starting material. A 1.5 eV shift to lower binding energy of O(ls) was
observed for the brominated surface which could be due to the change in the
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oxidation state of the modified surface. On the basis of this observation it can be
concluded that the chemical composition of diamond surface changed upon
photochemical methoxy-termination.
Photochemical Amination of Chlorinated Diamonds
Chlorinated diamond was irradiated under ammonia to produce amine
terminated diamond. The DRIFT spectrum of amine-terminated diamond is shown in
Figure 7. The spectrum shows three major peaks at 3050 cm- 1, 3150 cm- 1 and
1404 cm- 1• The peaks at 3050 cm- 1 and 3150 cm- 1 are symmetric and asymmetric
cr NH2 modes respectively; while the third peak at 1404 cm- 1 corresponds to 8N-H2• This
is evidence of the presence of NH2 species on the diamond surface, and is consistent
.
wtt. h previous
work 22 .
Methylamine Terminated Diamond Surface
Chlorinated diamond underwent a photochemical substitution reaction with
methylamine. Figure 7 shows the DRIFT spectra of the methylamine-terminated
surface, using chlorinated diamond as a background spectrum. The crN-H mode of
methylamine-terminated diamond appeared at 3350 cm- 1• The crcHJ mode was found
at 2880 cm- 1 while a small C*-H stretch was observed at 2830 cm- 1. The 8cH3 mode of
the surface methyl group is evident in the DRIFT spectra at 1495 cm- 1• These
assignments are based on several molecular analogs. For example, N-methyl butyl
amine has cr N-H mode at 3200 cm- 1 and crcH3 mode at 2930 cm- 1, while the 8cH3mode
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is at 1595 cm- 1 26.
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A = NH2 terminated,

B = Methylamine-terminated,

C = Dimethylamine-terminated,

D = trimethylammonium-terminated

All spectra use starting chlorinated diamond as a background.

**Ambient CO2
Figure 7.

DRIFf Spectra of Photochemically Modified Diamond Powders.

The chemical composition of chlorinated diamond surface changed
significantly when photochemically treated under methylamine atmosphere. A broad
nitrogen signal can be observed on N(ls) spectra in Figure 6. This nitrogen signal was
not found on the chlorinated diamond surface, which was the starting material. The
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surface also lost chlorine upon methylamination, a 10% decrease in Cl(2p)/C(ls) ratio
was observed as compared to the chlorinated diamond. Some chlorine was found on
the methylamine-terminated diamond probably because of the residual HCl or in
completion of reaction. Presence of nitrogen and decrease in chlorine titer confirm the
production of methylamine-terminated diamond.
Dimethylamine Termination
Chlorinated diamond was irradiated in an atmosphere of dimethylamine to
produce dimethylamine-terminated diamond, as may also be seen in the DRIFT
spectra of Figure 7. Three major peaks were evident in the surface vibrational
spectrum of dimethylamine-terminated diamond; crcm modes, found at 2880 cm- 1 and
2725 cm- 1• The peak at 1490 cm- 1 corresponds to 8cm mode. Dimethylamine has crcm
modes at 2940 cm- 1 and 2843 cm- 1 while 8cm mode at 1585 cm- 1

25•

Figure 6 also shows the N(ls) XP spectra of the dimethyl-terminated surface.
A significant amount of nitrogen was found on the dimethylamine-terminated
diamond surface, which confirms the formation of dimethylamine-terminated
diamond surface from chlorinated diamond. Upon photoreaction of the chlorinated
diamond with dimethylamine the Cl(2p)/C(ls) peak area ratio decreased by 15%
relative to the starting material.
Trimethylammonium Termination of Chlorinated Diamond
Trimethylammonium-terminated diamond was produced by photochemical
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reaction of chlorinated diamond with trimethylamine. The DRIFT spectrum of
trimethylammonium-terminated diamond powder is shown in Figure 7. Three major
peaks appeared in the DRIFT spectra. The crcH3 modes are at 2992 cm- 1 and 2890 cm- 1
and 8cH3 is at 1495 cm- 1• These assignments confirm the production of
trimethylammonium-terminated diamond. Trimethylamine is the molecular analog,
which has crcH3 modes at 3020 cm- 1 and 2954 cm- 1 bend, while the 8ctt3 is at
1595 cm- 1 25•
The XP spectra shows a broad N(ls) band with a low intensity, which
indicates the presence of nitrogen on this sample, and an 11% decrease in the
Cl(2p)/C(ls) peak area ratio relative to the starting chlorinated surface was observed.
Kinetics of Modified Surfaces
Kinetics of Chlorination
The surface chlorination was measured as a function of time. Loss of intensity
of the O'ett band (which is shown in Figure 2) indicates formation of the chlorinated
surface, as shown in the Equation 2.
Equation 2.
C*-H+ Ch

k2 ►

C*-Cl+ HCl

The area of the O'ctt absorbance (after conversion from %Reflectance to
Kubeika-Munk) was plotted vs. time as shown in Figure 8. It is clear from the data
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that for chlorination, most of the substitution was completed in short irradiation time.
The data was analyzed; Equation 3 was used to get the observed rate constants.
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Equation 3.
d8e1

dt

= - d8ett = k2 Sett

dt

The surface coverage of chlorine is related to the loss of surface C*-H as
shown in Equation 2. Under isothermal condition, the simple way to obtain rate
constant is to plot surface coverage (80,ett/80,ew81,ett) vs. irradiation time. The plot
shown in Figure 9 is clearly not a straight line. It is clear from the graph the rate of
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change of surface coverage was initially fast regime and that accounts for 30-40 % of
the chlorination and a slow regime that accounts for majority of the ultimate observed
chlorination. The fast and the slow reaction rate constant are collected in Table 2,
where kc is the observed rate constant for fast reaction and ks is observed rate constant
for slow reaction.
These two regimes could be explained by the reaction conditions. Powder
diamond samples were used in all experiments. The sample was held in a cup in the
reaction chamber with chlorine gas above the surface. When the hydrogenated sample
was irradiated gas phase chlorine dissociated and replaced the surface hydrogen on
the particles nearest the top of the sample quickly. This reaction may represent the
first, fast regime. While the second, slow regime may be due to the need for reactant
gas diffusion to the particles deeper in the cup further from the headspace within the
DRIFT cell. There is another, though less likely, possible explanation of this
behavior. The powder particle exhibit both C*(l11) and C*(lO0) surface orientations.
These two crystallographic different orientations may provide two different reaction
rates. In order to figure out the original reason for this behavior we need to perform
additional experiments. We can use the system where the transportation is minimized
for example we can use polycrystalline film or single crystal. We can also measure
the kinetics on single crystal to determine any orientation effects.
The DRIFT spectra measured during chlorination also shows gas phase HCl,
which was a product of the halogenation reaction as shown in Equation 2.We
analyzed the evolution of HCl(g) as a function of time as a second measure of the
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reaction kinetics of chlorination. Here again we can observe both fast and slow
reaction regimes as shown in the chlorine substitution.
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The data was normalized and plotted vs. time as shown in Figure 10.
Equation 4 was used to obtain the observed rate constant. It can be observed from
Figure 10 and 11 that as the surface coverage of chlorine increases the gas phase HCl
concentration increases.
It can be observed from Figure 11 we have two lines with two kobs, i.e. we
have two different reaction with different rates. This observation is consistent with
results obtained using the loss of surface C-H coverage shown in Figure 9.
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HCl Evolution as a Function of Time.

Equation 4.
[HCl] = -k2 OCH
�
Table 2
Observed Rate Constants for Chlorine Substitution and HCl Evolution
Kf IS-1

ks IS

-1

Chlorine coverage

0.317(±0.003)

0.048(±0.002)

HCl evolution

0.317(±0.003)

0.048(±0.002)

Kinetics of Amination
The surface photochemical amination was measured as a function of time. An
increase in the intensity of C1Nttz band indicates formation of the aminated surface, as
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shown in Equation 5.
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Equation 5.
C*-Cl + NH3

►

C*-NH2 +HCl

The area of the O'NH2 absorbance (after conversion from% Reflectance to
Kubeika-Munk) was plotted vs. time as shown in Figure 12.
The surface modification reaction was essentially complete after about 8 hours
irradiation. Minimal change was observed after 24 or 48 hrs. The data was analyzed;
Equation 6 was used to get the observed rate constant.
Under isothermal conditions, the simple way to the observed rate constant is
to plot surface coverage (800 ,NH2/800,NH2-8t ,NH2) vs. irradiation time. Figure 13 shows
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Equation 6.
d0 NH2
dt

= kJ{0oo, NH2 -01, NH2)

two reaction regimes fast and slow. These observations are identical to the
substitution of chlorine, and can be explained by the diffusion of ammonia and
orientation of the powder sample. The fast and the slow reaction rate constants are
collected in Table 3, where kf is the observed rate constant for fast reaction and ks is
observed rate constant for slow reaction.
The DRIFT Spectra of amination shows the gas phase ammonia. The J=l peak
in the R-branch of gas phase ammonia was analyzed as a function of irradiation time.
The concentration of the ammonia gas vs. time is shown in Figure 14. In order to
derive kinetic parameters, we have analyzed data by Equation 7.
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Equation 7.
d[NH3]
dt

=

0

Figure 13.
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A plot of [NH3]J[NH3]1 vs. irradiation time was obtained, Figure 15 shows
the consumption of ammonia during the reaction as shown in Equation 6. Treatment
of chlorinated diamond surface with ammonia leads to a decrease in the amount of
gas phase ammonia. Figure 15 shows two straight lines and observed rate constant,
which correlates with surface amine coverage.
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Table 3

Observed Rate Constants for Amine Substitution and Ammonia Consumptions

Amine coverage
Ammonia consumption

0.273(±0.001) 0.054(±0.001)
0.273(±0.001) 0.054(±0.001)

Action Spectra
Wavelength Dependence of Halogenation
Absorption of UVNis radiation causes the dissociation of halogen molecules
into halogen radicals. Chlorine absorbs between 200 nm and 300 nm with a maximum
of molar absorptivity at 250 nm. Bromine absorbs between 400 nm and 600 nm with
a maximum of molar absorptivity at 550 nm.
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The action spectrum for diamond halogenation was synthesized by measuring
the relative rates of reaction as a function of the excitation wavelength. The rate of
reaction for both chlorination and bromination was found to be dependent on the
excitation wavelength. Figure 16 is a plot of relative product formation rate as a
function of irradiation wavelength for the reaction of C}z(g) and Br2(g) with the
hydrogenated diamond surface. Also shown in the Figure 16 is the molar absorptivity
E

(11.) at the same wavelength27 • We observed a direct correlation between the

observed hydrogenation reaction rates and the molar absorptivity of the molecular
halogen. This correlation also indicates that halogen radical concentration also
increases with he increase of wavelength. Above 250 nm the diamond chlorination
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reaction and above 530 nm the bromination rate are limited, probably because the
reaction rates are likely faster than we could measure with our experimental protocol.
Based on these action spectra halogenation probably occurred by the free
radical halogenations mechanism, shown in Scheme 2, analogous to that shown in
Scheme 1. In this reaction scheme c* represents the diamond surface, c*-• is the
surface radical and X• is the radical halogen.
In the chain-initiating step the halogen absorbs a photon of light and
dissociates into two halogen radicals. The gas-phase halogen radical can abstract
hydrogen from the surface, producing HX(g) and a surface c*-• radical. The surface
radical can abstract chlorine atom from X2(g) giving halogenated diamond and a
halogen radical. Alternatively a surface radical can combine with a gas-phase halogen
radical generating the halogenated surface and terminating the chain. In the gas phase
a halogen radical can also abstract a halogen atom from X2• The chain may also
terminate when two halogen radicals recombine to produce X2 .
Wavelength Dependence of Amination
The action spectrum for the reaction between amine and diamond surface was
synthesized by measuring the relative rates of reaction as a function of the exciting
wavelength. The rate of reaction was found to be dependent on the excitation
wavelength. Figure 17 is a plot of relative amine terminated diamond product
formation rate as a function of irradiation wavelength for the reaction of NH3(g) and
the chlorinated diamond surface. The substitution reaction rate for amine was
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Action Spectra of Halogenation.

maximum around 250 nm, coincident with maximum absorbance of charge-transfer
complex intermediate in the molecular system between tert-butylamine and
1-chloroadamantane. Qualitatively similar action spectrum was observed for the
substitution reaction between amine and the 1-chloroadamantane24.
The likely mechanism for photochemical amination is shown in Scheme 3.
The lone pair of amine and cr*c-x orbital of the surface halide form a weak charge
transfer complex, on the surface. This complex absorbs a photon, transferring an
electron from the amine to the surface halide, the C*-X bond dissociates. After
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Initiation
hv

X 2(g)

2X•(g)

Propagation
c*-H +X•(g)

* •+HX
► c-

C*-• +X2(g)

► C*-X+X•(g)

X• +X 2(g)

► X 2 +X• (g)

C*-X+X•(g)

► c*-•+X 2 (g)

Termination

X•(g)

c*-•
2X•
Scheme 2.

c*-x
X 2 (g)

The Probable Reaction for Halogenation of Diamond by Photoinduced
Radical Halogenation.

rearrangement and loss of hydrogen to the halide, the amine forms a bond with
surface carbon (C*) and produce aminated diamond. This proposed reaction is based
on the action
work24.
.
. spectrum and previous
c -* x + :NH3 (g)

► C*-X---- :NH3

C*-X---- :NH3

► [C*-xr•---- [NH3 t•

[C*]•---X---- [NH3]+•

► c*-NH3+---X-

c*-NH 2+HX

► C*-NH 2+HX

Scheme 3.

The Probable Reaction Scheme for Diamond Amination.
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Action Spectrum for the Photoreaction of NH3 (g) With Chlorinated
Diamond.

The likely mechanisms for photochemical reactions of halogenated diamond
with other amines and alcohols (or other Lewis base) should be similar. A charge
transfer complex will form between a lone pair of the Lewis base and the cr* orbital of
the surface halide. A photo-induced electron transfer from the Lewis base to the
surface halide results when this complex absorbs a photon. Rearranging to give the
product as shown in Schemes 4 and 5 for alcohols and primary or secondary amines,
respectively. The reaction may be different in the case of tertiaryamine. This class of
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•

►

c•-X···-:OHR

►

[c·-xr···· [OHRt·

[C*-xr···· [OHRt·

►

c*-oHR +...x

c*-oR+HX

►

c*-oR +HX

C -X +:OHR Cg>
hv

c•-X····:OHR

Scheme 4.

The Proposed Reaction Scheme for Methoxy Termination of Diamond
(where R is CH3 ).
►

C*-X----: NH R 1 R2

►

[C*----X] •---- [NH R 1 R2 r

[C*----X] •---- [NH R 1 R2r

►

C*- NH R 1 R2-----X

c•---NH R 1 R2• ----X

►

C*- NH R2 +R 1 X

C*-X +:NHR 1 R2
hv

C*-X---- :NH R 1 R2
+

Scheme 5.

+

The Proposed Mechanism for Amines Termination.
R 1 = H, CH3 R2= CH3.

reactant does not have a hydrogen to produce HCl after the electron transfer step and
may leave a complex C*-N+R3 :X- as shown in Scheme 6.
►

C*-Cl---- NR3

►

[C*----X] •---- [NR3 r

[C*----XJ •---- [NR3 r+

►

C*- NR3 + ---X-

C*- NR/ ---X-

►

C-N+R3 x-

C*-X+:NR3
C*-X---- NR3

Scheme 6.

hv

+

The Proposed Reaction for Photochemical Trimethylamine-Termination.

CHAPTER IV
CONCLUSION
In this research several different functional groups were substituted on the
diamond surface: hydrogen, chlorine, bromine, methoxy, methylamine
dimethylamine and trimethylammonium chloride. Chlorinated diamond surface was
successfully used as an intermediated for methoxy, amine, methylamine,
dimethylamine and trimethylamine substitution. Brominated diamond was used
successfully for methoxy substitution.
Chlorine and amine substitution rates were found to be time dependent.
Chlorine substitution was found to be fast initially and then slow, most of the chlorine
substituted during slow reaction. The observed rate constants were obtained for both
fast and slow reactions as well as for HCl(g), which evolves during the chlorine
substitution reaction. Similar rate constants were observed for HCl evolution and
chlorine substitution.
The surface photochemical amination was measured as a function of time. An
increase in the intensity of O'NHZ indicated that the modification reaction was
essentially completed after 8 hours irradiation. The decrease in gas phase ammonia
was also measured during the substitution. Amine substitution and consumption of
ammonia during the reaction was found to be correlating. Amination substitution and
consumption of ammonia also show fast and slow reaction regimes. The observed
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rate constants were found to be similar.
The rate of photoreaction for halogenation was found to be dependant on
excitation wavelength. A direct correlation between the observed halogenation rate
and the molar absorptivity of halogen was found.
The substitution of amine was maximum around 250 nm, which is coincident
with the maximum absorbance of charge transfer intermediate in the molecular
system between tert-butylamine and 1-chloroadamantane.
Reaction mechanisms of substitution reactions were also proposed, halogenation
of hydrogen-substituted diamond was found to proceed by photo-induced free radical
reaction analogous to the radical halogenation of alkane. Substitution by amines and
alcohols was found to proceed by photo-induced electron transfer mechanism, similar
to the reaction mechanism of adamantyl halides and alkyl amines24. Reaction
mechanism may be different in the case of tertiaryamine. No hydrogen is present on
tertiaryamine; this may leave a complex after the electron transfer step.
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